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Low back pain is a leading health problem in the United States, which is most often resulted from nucleus
pulposus (NP) degeneration. To date, the replacement of degenerated NP relies entirely on mechanical devices.
However, a biological NP replacement implant is more desirable. Here, we report the regeneration of NP tissue
using a biodegradable nanofibrous (NF) scaffold. Rabbit NP cells were seeded on the NF scaffolds to regenerate
NP-like tissue both in vitro and in a subcutaneous implantation model. The NP cells on the NF scaffolds
proliferated faster than those on control solid-walled (SW) scaffolds in vitro. Significantly more extracellular
matrix (ECM) production (glycosaminoglycan and type II collagen) was found on the NF scaffolds than on the
control SW scaffolds. The constructs were then implanted in the caudal spine of athymic rats for up to 12 weeks.
The tissue-engineered NP could survive, produce functional ECM, remain in place, and maintain the disc height,
which is similar to the native NP tissue.
Introduction
As many as 80% of adults experience low back pain atsome point in their lives1 with 5% developing chronic
diseases.2 The leading etiological contributor to low back
pain is intervertebral disc degeneration,1 which most often
starts in the nucleus pulposus (NP).3,4 The current clinical
treatments for disc degeneration are mainly focused on the
alleviation of symptoms, while the underlying biological
problems remain largely unaddressed. Spine fusion is the
standard surgical treatment for axial low back pain.5,6 This
treatment is intended to stop pain by eliminating motion
across the joint space. However, fusion may accelerate de-
generative changes in the adjacent discs.7,8 Total disc re-
placement implants were developed to avoid the loss of
motion at the operated level and reduce the degenerative
incidences at the adjacent segments.9 However, the proce-
dure requires the dissection of the annulus fibrosus and
endplates, which are still competent in the early stage of disc
degeneration. Its long-term efficacy is a matter of much de-
bate.10 Prosthetic disc nucleus implants provide a less inva-
sive treatment and preserve spinal motion segments.11,12
However, nonbiological NP implants do not contain viable
cells and do not remodel. Additionally, traditional perma-
nent implants suffer from common complications such as
polyethylene wear debris, osteolysis, and implant loosening.
A tissue-engineered NP would therefore be a better alter-
native to the existing implants.
The tissue engineering strategy has been used to regen-
erate biological NP tissue in research. Various hydrogels
have been used to support NP cell culture,13–22 but the poor
mechanical properties of hydrogels limit their application.23
The physiological properties of the intervertebral disc are
linked to the structure of its extracellular matrix (ECM). The
ECM in the healthy disc is a web of natural nanoscale fibers.
As an artificial ECM, a scaffolding material often benefits
from mimicking advantageous features of the natural
ECM.24 Previously, electrospun nanofibers were used for
NP cell culture to retain the phenotype.25 However, without
designed large pores for cell penetration, the size of re-
generated tissue was limited. We developed a new phase-
separation technique to fabricate 3D scaffolds with highly
interconnected macropores and nanofibrous (NF) matrix.26
We hypothesized that the ECM-mimicking NF architecture
could mimic the microenvironment in the healthy interver-
tebral disc, improving cell viability, promoting NP cell pro-
liferation, and tissue regeneration. To test this hypothesis, the
NF scaffolds were compared with control solid-walled (SW)
scaffolds (made from the same material and had the same
macropore structure, but without the NF feature) using three
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experimental models: (1) in vitro NP tissue engineering; (2)
subcutaneous implantation for ectopic NP tissue formation;
and (3) athymic rat caudal disc repair.
Materials and Methods
Preparation of NF and SW PLLA scaffolds
The NF and SW PLLA scaffolds were prepared as previ-
ously described.26 Briefly, sugar spheres with a desired
diameter range were assembled into a template. A polymer
solution was then cast into the template and underwent either
a phase-separation process to form the NF scaffold or a sol-
vent-evaporation process to form the SW scaffold. The sugar
sphere-assembly was then leached away in water to form the
interconnected spherical pore network. The scaffolds used in
the current study had a disc-like shape with a height of
1.0 mm, a diameter of either 3.2 or 2.5 mm, and a pore size of
250–420mm. This pore size was previously found to support
uniform cell seeding and distribution.27 The average diameter
of the nanofibers was between 100 and 200 nm.
Cell culture and seeding
The NF and SW scaffolds (3.2 mm in diameter) were soaked
in 70% ethanol to prewet for 30 min and then the ethanol was
exchanged with phosphate-buffered saline (PBS) for three
times (30 min each). The scaffolds were then washed twice
with Dulbecco’s Modified Eagle Medium containing 10% fetal
bovine serum (1 h each). NP cells were isolated from 8-week-
old male New Zealand white rabbits and cultured for 2 pas-
sages following published methods.28 Fifteen microliters NP
cell suspension (3 · 107 cells/mL) was seeded on each scaffold
and the cell–scaffold constructs were cultured on an orbital
shaker in an incubator at 37C with 5% CO2. The medium was
changed every 2 days.
DNA and glycosaminoglycan contents
Samples were digested in a papain solution at 60C for
16 h. The DNA content was quantified using a fluorescence
assay with Hoechst 33258 dye according to the manual
(Sigma). The glycosaminoglycan (GAG) content was quan-
tified using shark chondroitin sulfate standard following a
published method.18
Scanning electron microscopy
The scaffolds and cell–scaffold constructs were rinsed in
PBS, fixed with 2.5% glutaraldehyde and 2% paraformalde-
hyde overnight, postfixed with 1% osmium tetroxide, and
dehydrated in increasing concentrations of ethanol and
hexamethyldisilizane. The specimens were then sputter-
coated with gold and observed under an SEM (Philips XL30
FEG) at an accelerating voltage of 10 kV.
Subcutaneous implantation
The animal procedures were approved by the University
Committee on Use and Care of Animals (UCUCA) at the
University of Michigan. Rabbit NP cell–scaffold constructs
were cultured for 3 weeks in vitro before implantation.
Randomized NF and SW scaffold–cell constructs (3.2 mm in
diameter, 2 per mouse) were implanted subcutaneously on
the dorsa of 6–8-week-old male nude mice (Charles River
Laboratories, Wilmington, MA).27 Four samples were im-
planted for each group. At 4 weeks, the mice were eutha-
nized and the implants were harvested for analyses.
Rat caudal disc repair
Twenty four 3-month-old male athymic nude rats (Charles
River Laboratories, Wilmington, MA) were divided into four
groups: a normal control group, a sham control group (re-
moving NP without implantation), an NF scaffold implant
group, and an SW scaffold implant group. The surgery
protocol was also approved by UCUCA.
The scaffolds were cut into an NP-like shape with a height
of 1.0 mm and a diameter of 2.5 mm. Nine microliters cell
suspension (3 · 107 NP cells/mL) was seeded on each scaf-
fold. The constructs were cultured in vitro for 3 weeks before
implantation.
Rats were anesthetized by inhaling isofluorane and med-
icated with buprenorphine (0.01 mg/kg body weight). A
longitudinal incision (*3-cm long) was made to expose the
native disc between the caudal segments 2 and 3 (Fig. 1A).
The NP was removed, and the adjacent vertebral bodies
were minimally retracted to allow the insertion of the NP
implant into the disc space. The annulus was carefully closed
with two 6.0 resorbable sutures (Fig. 1B). Finally, the tail skin
was closed using resorbable sutures. Buprenorphine (0.01–
0.02 mg/kg) was administered subcutaneously as needed.
After 12 weeks, the rats were euthanized and the discs were
harvested for analyses.
Radiographic analysis
Radiographs were taken at 2-week intervals up to 12 weeks
after implantation. All radiographic images were analyzed
FIG. 1. Intraoperative images
showing an exposed caudal disc (A)
and the sutured annulus fibrosus (B).
After implanted with engineered
nucleus pulposus (NP) (from either a
nanofibrous [NF] scaffold or a solid-
walled [SW] scaffold), the annulus is
closed carefully with 6.0 resorbable
sutures. In the sham control group,
the NP was removed and the
annulus was closed without any
implant. Color images available
online at www.liebertpub.com/tea
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using ImageJ software (NIH, Bethesda, MD). The disc height
index (DHI) was determined using a published method.29
Changes in the DHI were expressed as %DHI and normalized
to the measured preoperative DHI (%DHI = 100 · postopera-
tive DHI/preoperative DHI).
Histological and immunohistochemical analyses
The specimens were fixed, decalcified (only for specimens
from caudal disc repair model), dehydrated, and subse-
quently embedded in paraffin. Sections (5 mm thick) were
stained using safranin-O and fast green for NP matrix and
using Masson’s trichrome method for collagen accumulation.
Immunohistochemical analysis was carried out for type II
and type I collagen.30
To quantify the histological results, we calculated the
histological scores based on the method of Masuda et al.31,32
Briefly, the slides were graded based on the histological
appearance of four parameters: the annulus fibrosus, the
border between the annulus fibrosus and the NP, the NP
cellularity, and the NP matrix. Each of the four parameters
was given a grade of 1, 2, or 3 (1 is the best and 3 is the
worst). The sum of the grades for all parameters yielded a
total score of 4 (the best) to 12 (the worst).
Statistical analysis
All data were presented as mean – standard deviation. The
Student’s t-test was used to compare the differences between
the study groups. A value of p < 0.05 was considered to be
statistically significant.
Results
Preparation of NF-PLLA scaffolds
and SW-PLLA scaffolds
Both the NF and SW scaffolds had similar interconnected
macroporous structures and similar porosities of 96% (Fig.
2A, B). The only difference was in the wall architecture of
macropores, being either NF or SW (Fig. 2C, D). The diam-
eter of the nanofibers ranged from 50 to 500 nm, which is the
same as that of natural collagen fibers.
Cellularity and ECM accumulation in vitro
The DNA measurement showed that there were more cells
in the NF scaffolds than in the SW scaffolds during the 3
weeks in culture (Fig. 3). The ECM production on scaffolds
was examined by safranin-O and immunohistochemical
staining after in culture for 3 weeks. A stronger staining by
safranin-O was found in the NF group (Fig. 4A–D), indi-
cating more GAG deposition on NF scaffolds than that on
SW scaffolds. Immunohistochemical staining revealed more
FIG. 2. SEM images of NF and SW
scaffolds. (A) Macroporous
structure of NF scaffolds at low
magnification; (B) macroporous
structure of SW scaffolds at low
magnification; (C) NF architecture
at high magnification; (D) SW
architecture at high magnification.
FIG. 3. The DNA content on NF scaffolds was significantly
higher than that on SW scaffolds during the 3 weeks in
culture (*p < 0.05).
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type II collagen, but less type I collagen in the NF group than
in the SW group (Fig. 4 E–H).
Subcutaneous implantation
After each scaffold was seeded with the same number of
NP cells, the cell–scaffold constructs were cultured in vitro
for 3 weeks and then implanted subcutaneously in nude
mice for 4 weeks. The safranin-O staining revealed more
GAG deposition on the NF scaffolds than on the SW scaf-
folds (Fig. 5A, B). The total collagen synthesis in the two
types of scaffolds was examined using Masson’s trichrome
staining. Blue-stained dense collagen matrix was observed
inside the macropores of the NF scaffolds, while sparse col-
lagen matrix was observed in SW scaffolds (Fig. 5C, D).
Samples from the NF scaffolds were stained strongly for type
II collagen and weakly for type I collagen (Fig. 5E, F). In
contrast, samples from the SW scaffolds were stained
strongly for type I collagen and weakly for type II collagen
(Fig. 5G, H). Consistent with the histology result, signifi-
cantly higher GAG contents were found in the NF group
than in the SW group at both 2 and 4 weeks (Fig. 6).
Athymic rat caudal disc repair
The dissected spines in the normal control group showed
a well-defined translucent central NP and a clearly defined
annulus fibrousus (Fig. 7A). The disc in the sham control
group failed rapidly, with complete collapse of the disc space
resulting in interbody fusion (Fig. 7B). The NF scaffold im-
plant group appeared similar to the normal control group in
disc space maintenance and the matrix translucency (Fig.
7C). In the SW scaffold implant group, narrowing disc space
and fibrous tissue invasion were observed (Fig. 7D). Con-
sistently, the X-ray image indicated that the disc height in the
NF scaffold group was similar to that in the normal control
group. The SW scaffold group showed degenerative char-
acteristics with narrowed disc height. In the sham control
FIG. 4. Histological analysis of in vitro NP formation on NF
and SW scaffolds. Constructs were cultured in vitro for 3
weeks. Cross sections were stained by safranin-O or immu-
nohistochemical methods. Compared with SW scaffolds, NF
scaffolds showed a stronger and more even staining by
safranin-O method (A, B). Higher magnification view
showed increased cellular organization on the NF scaffolds
when compared with SW scaffolds (C, D). Immuno-
histochemical staining also revealed that the NF scaffold
group was stained stronger for type II collagen (E, F), but
weaker for type I collagen than the SW scaffold group (G, H).
Color images available online at www.liebertpub.com/tea
FIG. 5. Histological analysis of ectopic NP tissue formation
in vivo. Four weeks after subcutaneous implantation of either
the NF or the SW constructs, the tissue sections were stained
with safranin-O for glycosaminoglycan (GAG) (A, B), Mas-
son’s trichrome for total collagen (C, D), and immunohisto-
chemically stained for type I/II collagen (E–H). Abundant
GAG and type II collagen, while little type I collagen, were
found in engineered tissue using the NF scaffold. In contrast,
lower contents of GAG and type II collagen indicated poor
NP formation from the SW scaffold group. At the same time,
abundant deposition of type I collagen on the SW scaffold
indicated fibrous tissue invasion in the SW scaffold group.
Color images available online at www.liebertpub.com/tea
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group, the disc space almost disappeared completely and
osteophytes formed at the margins of the vertebral bodies
(Fig. 7E–H).
The DHI in the sham control group decreased dramati-
cally during the first 2 weeks after operation, decreased at a
slower rate after that, and was negligible (fused) at 8 weeks
(Fig. 8). The DHI in the NF scaffold group was comparable to
that in the normal control group over the 12 weeks. The DHI
in the NF scaffold group was statistically higher than those in
the sham control group and SW scaffold group at 4 weeks
and thereafter. The DHI in the SW scaffold group was sig-
nificantly higher than that in the sham control group after 2
weeks.
In the intact disc of normal control group, the boat-shaped
NP occupied a large volume of the disc space and was stained
strongly with safranin-O (Fig. 9A, E). The annulus fibrosus
displayed a normal pattern of fibrocartilage lamellas and a
well-defined border between the annulus fibrosus and the
NP (Fig. 9I). Abundant ECM was deposited in the NP space
in the NF scaffold group, which was similar to the intact disc
(Fig. 9B, F). The cellularity in the engineered NP could be
optimized by varying the amount of seeding cells. The his-
tological appearance of annulus fibrosus in the NF group
was also similar to that of the normal control group although
with a slightly wavy structure (Fig. 9J). There was a much
smaller residue of the NF scaffold than that of the SW scaf-
fold, likely resulted from the faster degradation rate of NF
scaffolds.33 In the SW group, the NP area was hypocellular
and consisted of larger areas of fibrous tissue, and was
negative for safranin-O staining (Fig. 9C, G). A serpentine
FIG. 7. Representative gross
appearance and x-ray images of rat
caudal spines at 12 weeks after
operation: normal control (A, E), sham
control (B, F), NF scaffold group (C,
G), and SW scaffold group (D, H). A
translucent matrix in the central area
and a well-preserved disc height in the
NF scaffold group indicated good NP
regeneration. The x-ray results
indicated that the disc height in the NF
scaffold group was similar to that in
the normal control group. The SW
scaffold group showed disc
degenerative characteristics with
significantly narrowed disc height. In
the sham control group, the disc space
almost disappeared and an
intervertebral fusion was observed.
Color images available online at
www.liebertpub.com/tea
FIG. 6. GAG accumulation during ectopic NP formation.
GAG content was quantified for constructs after subcutane-
ous implantation for 2 and 4 weeks. The GAG content in-
creased with implantation time. Significantly more GAG was
found on the NF constructs than on the SW constructs at the
same time points (*p < 0.05).
FIG. 8. The disc height index (DHI) changed with the time.
The DHI in the NF scaffold group was comparable to that in
the normal control group over the 12 weeks. *p < 0.05 be-
tween the NF scaffolds group and SW scaffolds group;
**p < 0.01 between NF scaffolds group and sham control
group. Color images available online at www.liebertpub
.com/tea
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appearance of annulus fibrosus was noted in the SW group
(Fig. 9K). In the sham control group, no repair tissue was
detected. The disc space collapsed, with evident inhomoge-
neous tissue invasion and intervertebral fusion (Fig. 9D, H).
A severe serpentine appearance of annulus fibrosus was
found in the sham control group (Fig. 9L). The histological
scores of the NF group were significantly lower than those in
the sham control group or SW group, indicating a better
regeneration outcome in the NF group (Fig. 10).
Discussion
The replacement of degenerated NP with engineered liv-
ing NP would be highly desired.27,34,35 The main challenges
in developing a tissue-engineered NP implant are: (1) in-
creasing NP cells and maintaining their phenotype; (2) pro-
viding a 3D template that guides the NP tissue formation;
and (3) achieving the physiological function of the implants.
Here we have demonstrated that our tissue-engineered NP
implants are promising to meet these challenges.
In the normal NP, collagen fibers play an important role in
the maintenance of normal disc structure and function.
When the disc degenerates, the collagen breakdown results
in loss of structural integrity, decrease in hydration, and
subsequent further impairment of disc function.36 To regen-
erate a biological NP replacement implant, a scaffold is
required.35 To provide a good environment for NP regener-
ation, we fabricated NF scaffolds to emulate the nanosized
architecture of collagen fibers.
There is a serious shortage of NP cells, because a limited
cell number can be harvested from an intervertebral disc and
these cells proliferate slowly and lose their phenotypic
characteristics in a monolayer culture.37 In our study, a sig-
nificantly higher number of cells was found in the NF scaf-
folds than in the control SW scaffolds during in vitro
cultivation. Because the same number of cells was seeded on
both the NF and the SW scaffolds, this result demonstrated
that the NF scaffold enhanced the proliferation of NP cells.
Therefore, in addition to advantageously supporting NP
FIG. 9. Representative safranin-O/fast green stained samples from different experimental groups at 12 weeks after oper-
ation in rat caudal spines. In the normal disc (A, E, I), the boat-shaped NP comprised a large area in the disc space and was
stained strongly for safranin-O (A, E). The annulus fibrosus displayed a normal pattern of fibrocartilage lamellas (I). In the NF
scaffold group (B, F, J), the engineered NP contained abundant new extracellular matrix (B, F), and the annulus was similar to
the normal group although with a slightly wavy structure ( J). In the SW group (C, G, K), the engineered NP was hypocellular
and consisted of larger areas of fibrous tissue (C, G), the annulus showed a serpentine appearance (K). In the sham control
group (D, H, L), the nucleus pulpous structure nearly completely disappeared and the disc space was collapsed (D), with
evident inhomogeneous tissue invasion (H). The annulus fibrosus in this group showed a severe serpentine appearance (L).
The scale bars represent 200mm in (A–D), 100mm in (E–L). Color images available online at www.liebertpub.com/tea
FIG. 10. The histological scores at 12 weeks after operation.
Changes in histological appearance were assessed semi-
quantitatively. Total grades ranged from 4 to 12, with 12
representing severe degeneration. *p < 0.01.
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tissue regeneration, the NF scaffold could be utilized both to
expand the cell population and to maintain the NP phenotype.
GAGs and type II collagen are the primary macromole-
cules that make up the ECM of the NP, which plays a key
role in maintaining the normal physiological function of the
intervertebral disc.38,39 In our study, greater amounts of
ECM production were associated with cells cultured on the
NF scaffolds, indicating the advantages of the scaffolds that
mimic the ECM architecture.
Various studies have examined ECM production associ-
ated with NP graft in vitro.13–20,27,40–42 However, there has
been no report on tissue-engineered NP replacement im-
plants in the native disc space. The ability of the NP implants
from the NF scaffolds to maintain the normal disc height is
an important achievement, because preservation of disc
height is a major clinical parameter to evaluate disc function.
There are likely a number of contributing factors to the
success of the NP replacement implant regenerated using NF
scaffolds. Our previous studies demonstrated that NF scaf-
folds adsorbed greater amounts of cell adhesion proteins
than SW scaffolds, which possibly activate intracellular sig-
naling.43 The NF architecture possibly also supported fa-
vorable cell morphology to maintain the differentiated NP
phenotype.30,44 Another possible contributing factor might
be the local mass transport conditions. The high permeabil-
ity, associated with channels between nanofibers, might al-
low for improved nutrient supply and metabolic waste
removal. Further studies are needed to fully understand the
underlying mechanisms of how the NF scaffold advanta-
geously supports the NP tissue regeneration.
It is worth noting that despite the similarities in ECM
content between the native and engineered NP, a number of
differences exist. These include the imperfect NP structure,
variation in NP volume, and the somewhat altered annulus
fibrosus structure. Further improvements are needed.
In conclusion, the experimental data demonstrate that the
NF architecture not only enhances NP cell function in vitro,
but also facilitates NP tissue regeneration in vivo. The tissue-
engineered NP can be implanted into the caudal spine, re-
mains in place, produces functional ECM, and maintains the
disc height, showing clinical potential.
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